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The lonisation in Various Gases by Secondary y-Rays. 

By lu D. Kleeman, D.Sc. (Adelaide), B.A. (Cantab.), Eesearch Student of 

Emmanuel College, Cambridge. 

(Communicated by Prof. Sir J. J. Thomson, F.E.S. Received April 3, — 

Eead April 29, 1909.) 

In a paper published in the ' Philosophical Magazine,'* the writer has 
'described some experiments carried out with the secondary 7-rays emitted by 
various substances exposed to the primary 7-rays of radium. It was found 
that the secondary rays are, on the whole, softer than the primary ; thus, for 
■example, the coefficient of absorption of lead for the secondary rays from 
zinc was found to be about six times that obtained for the primary rays. It 
was thought, therefore, that the ionisation of gases by secondary 7-rays would 
probably differ in many features from that obtained with the primary rays. 
A set of measurements on the ionisation produced in various gases by 
secondary 7-rays was accordingly undertaken. N"o experiments, as far as 
the writer is aware, have yet been made on this subject. 
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Pig. 1. 

Fig. 1 is a diagram of the apparatus used in these experiments. A is a 
cylindrical ionisation chamber of brass, 17 cm. high and 12*5 cm. in diameter, 
the walls of the chamber being about 3 mm. thick. B is a glass tube 
(surrounded by lead sheeting 2 mm. thick), which contained about 30 milli- 

* p. 637, May, 1908. 
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grammes of radium bromide. The chamber A was approximately screened 
from the radium by the lead block C, 5*5 cm. thick. The 7-radiation from 
the radium fell in part on the radiator D, which consequently became a 
source of secondary 7-rays. Some of the secondary rays traversed the 
chamber A, ionising the gas it contained. 

The radiator D was held in position by means of an arrangement shown 
in fig. 2. It consisted of three fixed blocks of wood provided with slits^ 
whose width was slightly greater than the thickness of the radiator. The 
radiator was held to one of the sides of each slit by means of a wedge. The 
radiator therefore always occupied its previous 
position if removed and again replaced. r 

The chamber A and the glass flask E, which 
were connected with one another by a rubber 
tube, could be exhausted to a pressure of about 
0*5 cm. of mercury by means of a Fleuss pump. 



The pressure in the chambers was indicated by /^- ^ ^ 

a mercury pressure gauge F, 



The part a, h, c, d of the apparatus was used to ^^^ ^ 

introduce the vapour of a liquid into the chamber. 

This was done by first closing the tap h and opening the tap a, and exhausting 
-the chamber down to as low a pressure as it was possible to obtain with the 
pump, and then closing the tap e. Some of the liquid to be used was then 
poured into the funnel £^, and by opening the tap & part of the liquid was 
allowed to run into the bulb e. Evaporation of the liquid into the chamber 
then took place, and was allowed to go on until some convenient pressure of 
the vapour was reached, the tap a being then closed. The residual air in the 
chamber A (which could not be removed by the pump) was swept by the 
vapour into the chamber E. 

G is an ionisation chamber in which the air was ionised by a layer of 
uranium oxide. The electrode of this chamber was connected with that of 
the chamber A, and its leak used to compensate in part for that in the latter 
chamber, by keeping the chambers at potentials of opposite sign. The 
apparent leal^ was kept by means of this arrangement down to a workable 
amount. The chamber A was connected to a positive potential of 200 volts,, 
while the chamber G was connected to a negative potential of 200 volts. 

The ionisation per second due to the secondary 7-rays from the radiator D 
was obtained by measuring the leak with and without the radiator, the 
difference between the leaks giving the ionisation in the chamber A due to 
the secondary ry-rays. The leak per second was in each case obtained by 
observing the time it took to obtain approximately a given convenient 
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deflection of the electrometer needle, the current being then broken and the first 
and second swing of the needle read. The position of rest of the needle was 
then calculated by a simple formula given by the writer.* By using approxi- 
mately equal deflections, the error due to change of capacity of the electro- 
meter with the deflection of needle w^as avoided. Moreover, the loss of leak 
due to leakage over insulation, etc., w^as eliminated in this case when the 
difference between the leaks with and without the radiator was taken ;t this 
loss was, however, comparatively small in these experiments. 

lonisation and Pressure. 

The ionisations in different gases can only be compared with one another 
if the ionisation in each case is proportional to the pressure, the lonisation 
being then proportional to the intensity of the ionising agent. This is 
realised if only a small fraction of the energy of the ionising agent is absorbed 
by the gas, for then the ionisation is proportional to the mass of tliegas, and 
consequently proportional to the pressure. It has been shown by several 
observers that the ionisation in a gas by tlie ^y-rays of radium and the /3-rays 
of uranium is in each case proportional to the pressure up to pressures 
greater than those necessary to determine the ionisation with accuracy.:[: 
Since the penetrating power of the secondary 7-rays is greater than that of 
the yS-rays, and the percentage absorption therefore smaller in the former 
than in the latter case, this should also be true for the former rays. It was 
thought better, however, to make some experiments to test this point, since it 
was not known to what extent the radiation from the walls of the vessel 
affected the ionisation. 

The gases used in these experiments were air and ethyl bromide. The 
ionisations obtained with different pressures are plotted against the pressures 
in fig. 3. It will be seen that two approximately straight lines are obtained 
which pass through the origin. The ionisation is therefore proportional to 
the pressure between the limits of pressure used. The density of the ethyl 
bromide vapour for the largest pressure used was greater than the density of 
any of the gases in the determination of the ionisations, and therefore the 
fraction of the energy of the ionising agent absorbed was greater than it was 
in any case in the latter experiments. It was therefore thought unnecessary 
to make any further experiments with different gases in order to show that 
the ionisation varied as the pressure in each case. 



^ *Phil. Mag.; p. 276, October, 1906. 

t See 'Phil. Mag.,' p. 642, May, 1908. 

X Strutt, 'Phil. Trans.,' A, vol. 196, p. 507, 1901, etc. 
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Nature and Causes of lonisation in the Chamber, 

The ionisation in the chamber was partly caused by the penetrating 
cathode radiation given off by the walls of the chamber under the action of 
the 7-rays. This is objectionable ; but it seemed unavoidable. The method 
that has been used in the case of X-rays in confining the beam of rays to 
the centre of the chamber so that it touches the walls only where it enters 
and leaves did not appear practicable in this case. And this for two reasons : 
firstly, it is impossible to obtain a well-defined beam of 7-rays by means of 
a metal stop, on account of the great penetrating power of the rays, and 
also on account of the necessarily large surface of the aperture becoming a 
source of secondary 7-radiation ;* secondly, the gas itself, under the influence 
of the 7-rays, gives off penetrating cathode rays which would cross the 
screened part of the chamber, and thus produce secondary radiation from its 
walls. A correction would therefore have to be applied as to the magnitude 
of which nothing would be known, so that nothing would be gained by 
using such an arrangement. It was therefore thought better to use the 
simpler though somewhat undesirable form of apparatus described. 

The ionisation in a chamber of the form used may consist of three parts. 
One part may consist of ions ejected by the 7-rays from the gas molecules 
with a velocity which is so small that they are unable to produce any 
further ions themselves. One of the other parts we know consists of ions 
made by the secondary cathode rays from the walls of the chamber, and the 
third part of ions made by the cathode rays of high velocity ejected from the 
gas molecules. The first of these parts is proportional to the mass of the 
gas and therefore proportional to the pressure, and this is also true for 

* This secondary radiation further complicates matters on account of its nature not 
being the same as that of the primary ; the larger part produced would enter the 
chamber because it is initially projected in the direction of the exciting rays. 
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the second part, since the ionisation of a gas by /3-rays has been shown to 
be proportional to the pressure. Since the number of electrons ejected from 
the gas is proportional to the pressure, and the number of ions each 
produces proportional to the pressure, the third part is proportional to the 
square of the pressure. The ionisation in the chamber may, therefore, be 
written (x4. + B)jp + C^^, where^ denotes the pressure. 

Laby and Kaye* have shown that the ionisation in air and carbon dioxide 
is proportional to the pressure over a wide range of pressures. The term 
Cj9^ is, therefore, small within this range. Experiments on the variation of 
the ionisation with pressure will, however, not give any information as to 
the relative values of A and B, since both the ionisation produced by the 
secondary cathode radiation from the walls of the chamber and that due to 
the ejection of slow-moving ions from the molecules of the gas by the 
7-rays vary as the pressure. Attempts have been made to obtain an 
estimate of the amount of ionisation in a chamber which is not due to the 
radiation from the walls. All these estimates depend on some calculations 
based on certain assumptions, generally involving the absorption of the 
cathode rays produced by the 7-rays. JSTow the 7-rays produce cathode rays 
whose penetrating* powers vary very considerably, and these calculations are 
therefore not satisfactory ; they may easily be very considerably out. In 
fact, McLennanf deduced that the ionisation in a chamber not due to the 
secondary radiation from the walls is equal to about one-half of the total 
ionisation in the chamber, while Wilson]: makes it equal to one-sixth of the 
total ionisation ; it does not appear certain, therefore, that the total ionisation 
is not due entirely to the secondary radiation from the walls. The writer, 
therefore, made some direct experiments to test this point. 

Several slightly different arrangements were used, each of which involved 
the deflection of the secondary radiation from the apparatus by means of a 
magnetic field. A diagram of the apparatus first used is shown in fig. 4. 
A is an ionisation chamber on a lead block B, 5 cm. thick, the chamber 
being placed symmetrically with respect to an aperture a in the block. 
Thirty milligrammes of radium were placed at G underneath the aperture. 
A magnet, whose poles measured 5*5 cm. by 5*5 cm., was placed so that the 
chamber was between its poles. Since the electrons produced by 7-rays 
are ejected in the direction of propagation of the rays, there was a diffuse 
pencil of ^-rays projected into the chamber from its lower side. If the 
ionisation is produced by the /3-rays from the walls of the chamber, the 

* ^ Phil. Mag./ p. 879, December, 1908. 

t ' Phil. Mag./ December, 1907. 

X 'Phil. Mag.; p. 216, January, 1909. 
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ionisation ought to be principally due to this beam, and should therefore 
decrease considerably when a strong magnetic field is applied. It was found, 
however, that a magnetic field produces little change in the amount of 
ionisation. Thus, in a particular case, the ionisation in a sheet lead chamber 
5*5 cm. high, 5"5 cm. broad, and 7*5 cm. long, was 1895 in arbitrary units. 
When a field of over 2000 units was applied, which was sufficient to bend 
the rays having the same velocity as the penetrating ^-rays from radium 
into a circle of radius less than 8 mm., the ionisation current decreased to 
1645, or about 12 per cent. When a chamber 7 cm. high, 4 cm. long, and 
3 cm. deep was used, the current was decreased from 1560 to 1475 when the 
magnetic field was applied, or about 6 per cent. If all the ionisation in the 
gas was produ.ced by the y8-rays from the walls of the chambers, the 





Fig. 4. 



Fig. 5. 



ionisation should have decreased to a greater extent in each case, although a 
part of the path of each ray when deflected was still contained by the 
chamber, and consequently produced ionisation. 

Since part of the leak in this experiment was always due to the /3-rays 
from the w^alls of the ionisation chamber, it was thought desirable to carry 
out the experiment in a somewhat different form. Fig. 5 gives a diagram 
of the apparatus used. A is a cylindrical ionisation chamber, 19 cm. long 
and 8 cm. in diameter, to which the tube a&, 6*5 cm. long and 3*5 cm. in 
diameter, was co-axially attached. The chamber was placed so that the 
tube ab was between the poles of an electro-magnet. The end a of the tube 
was closed in one set of measurements by a sheet of thin aluminium leaf 
equivalent in mass to a layer of air 0-7 cm. thick, the end & of the tube being 
olosed with a metal glate c. The end d of the chamber A was closed with 
a thin sheet of zinc. B is a lead block, 3 cm. thick, through which a circular 
hole e was drilled about 1 cm. in diameter. The axis of this hole and the 
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glass tube c containing 30 milligrammes of radium (which was surrounded 
by sheet lead 2 mm. thick) were placed co-axially with the tube ah and the 
lonisation chamber A. The ionisation in the chamber was produced 
principally in the cone / by the 7-rays from the radium and the secondary 
/3-rays from the plate c, the secondary yS-rays being initially projected in 
the direction of propagation of the 7-rays.^' The secondary y8-rays produced 
in a plate are to some extent scattered by the plate, but the larger part of 
the radiation proceeds approximately in the direction of propagation of the 
7-rays,f and the larger part of the radiation from the plate c therefore entered 
the chamber. 

The measurements were carried out by first placing a lead plug into the 
hole e of the lead block B and measuring the leak in the chamber. This 
gave the leak in the chamber due to imperfect screening of the lead block B. 
The leak was then measured with the plug removed. The difference between 
this leak and the former gave the ionisation in the cone / due directly to the 
7-rays and the secondary /3-rays from the plate c. A magnetic field of 
sufficient strength to bend the /3-rays from c so that they did not enter the 
chamber A was then applied, and the leak again measured. The difference 
between this leak and the first gave the leak in the cone approximately due 
to the direct action of the 7-rays. 

Whether the strength of the magnetic field was sufficient to bend the 
/3-rays from the plate c so that they do not enter the chamber A was tested 
as follows. The plate c and the lead sheeting surrounding the radium was 
removed so that a pencil of /3-rays from the radium now penetrated into the 
chamber. When the current used in these experiments was switched on to 
the magnet, the ionisation was decreased to about 20 per cent, of its original 
amount, showing that practically all the y8-rays were prevented from entering 
the chamber by the magnetic field. 

Firstly, some measurements were made with no aluminium leaf placed at <x. 
It was found that using a lead plate at c 2 mm. thick, the ionisation in the 
cone / decreased 15 per cent, when the current was switched on to the 
magnet ; when the plate was of aluminium 3 mm, thick the decrease w^as 
23 per cent. 

An aluminium leaf was then placed at a, the ionisation in the tube ab being 
now excluded from the leak. The decrease obtained with the lead radiator 
when the magnetic field was applied was 23 per cent., and 31 per cent, with 
the aluminium radiator. 

These figures show that when the leak due to the /3-rays from the plate c 

"^ Bragg and Madsen, ' Eoy. Soc. South Australia Trans.,' vol. 32, January, 1908. 
t Kleeman, 'Eoy. Soc. Proc.,' A, vol. 82, 1909. 
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is eliminated, there still remains a large proportion of the total leak, and 
a considerable part of the ionisation in the cone / is therefore due to the 
direct action of the 7-rays on the gas. 

Some further measurements were carried out with a slight modification of 
the foregoing experiment. A diagram of the modified apparatus is shown in 
fig. 6. A is an ionisation chamber 10*5 cm. long, 10*4 cm. broad, and 7 cm. 
deep, of which the upper and lower 
side consisted of thin, tightly stretched 
tissue paper, equivalent in mass to 
•a layer of air 1 cm. thick. The chamber 
was placed on the poles Bi and Bg of 
an electro-magnet, which were resting 
on a lead block 0, 5 cm. thick. This 
lead block had an aperture a, 3 cm. by 
3*2 cm., which was placed in a sym- 
metrical position with respect to the 
poles of the electro-magnet and the 
ionisation chamber. D is the tube 
containing the radium, placed at a dis- 
tance of 10 cm. from the lead block. 
The electrode of the chamber consisted 
•of a wire bent into the form of a 
square, so that the principal stream of 
'y-rays through the aperture did not 
impinge upon it The ionisation in the chamber was, as before, principally 
due to the direct ionisation of the gas by the 7-rays and the secondary /3-rays 
from the plate h placed over the aperture a. The plate h was of aluminium 
4 mm. thick. 

The readings were carried out in exactly the same way as in the foregoing 
'experiment. The ionisation in the cone c decreased to about 55 per cent, of 
its original value, when a magnetic field of sufficient strength to prevent the 
^-rays from the plate h entering the chamber was applied. Part of the 
ionisation in the cone c is thus, as obtained before, due to the direct action 
of the 7-rays on the gas. 

It appears, then, from these experiments that the ionisation in a chamber 
is due in part to the direct action of the 'y-rays on the gas it contains. , And 
dnce Laby and Kaye have shown that the amount of ionisation produced 
by the secondary ^- and 7-radiation from the gas is small, this ionisation 
consists of slow-moving ^-rays ejected by the 7-rays, which have not 
sufficient velocity to produce any further ionisation themselves. The ratio 
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of this part of the ionisation in a chamber to that produced by the radiation 
from its walls will depend on the ratio of the total inside surface of the walls 
of the chamber to its volume, and other conditions. The numbers obtained 
in the experiments just described suggest, however, that in most cases this 
ratio will probably be greater than one-half, or the ionisation produced 
directly by the primary 7-rays is probably in most cases greater than 50 per 
cent, of the total ionisation. 

The ionisation produced directly by secondary rays in an ionisation chamber 
is probably a percentage of the same order as the above of the total ionisation ; 
it is more likely larger than smaller. An experiment on this point would be 
difficult to carry out. It seems, however, unnecessary, as this quantity 
depends on a number of other things besides the nature of the rays, such a»s 
the size of chamber, etc. 



Source of Vapoicrs and Gases, 

The vapours of the liquids CHCI3, C4H10O, CS2, CCI4, O5H12, CH3I, C2H5l^ 
C2H5Br were obtained by letting small quantities of these liquids evaporate 
into the ionisation chamber in the way already explained. The preparations 
used were those of Kahlbaum. 

Mr. Jones, of the Chemical Laboratory, Cambridge, kindly supplied the 
writer with a small quantity of N"i(C0)4. The compound is a liquid at 
ordinary temperature, and could therefore be dealt with in the same way as 
the above liquids. 

The compounds C2H5CI, CHsEr are in the form of vapour at the ordinary 
room temperature and atmospheric pressure, and are therefore sold in sealed 
glass flasks, in which they are in the liquid state under high pressure. The 
flasks to be used were put into melting ice for half an hour and then opened, 
the pressure in each case being then less than 1 atmosphere. A quantity of 
liquid from one of the flasks could be evaporated into the chamber by con- 
necting it and the flask by a rubber tube. These preparations were also 
those of Kahlbaum. 

The gases O2, CO2, NH3, ]Sr20 were obtained of commercial purity from 
steel cylinders containing these gases under high pressure supplied by various 
manufacturers. 

The H2 was prepared by means of a Kipp's apparatus, sulphuric acid and 
zinc being used. It was purified and dried by bubbling it through a solution 
of potassium and permanganate of potassium in water, and then through 
strong sulphuric acid. 

The SO2 was prepared by allowing strong sulphuric acid to drop on sodium 
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sulphite, the SO2 evolved being dried by passing it through strong 
sulphuric acid. 

The C2H2 was prepared by allowing water to drop on commercial calcium 
carbide. The gas evolved was purified by passing it through a bleaching 
solution and then through water, and then dried by passing it through a tube 
containing calcium chloride. 

Experimental Results. 

The experimental results obtained with a number of gases are given in 
Table I, the ionisations being expressed in terms of air as unity. Eadiators 
of zinc, carbon, and lead were used. The surface of each radiating plate 
measured 24 by 28 cm., and their thicknesses were respectively 0*65, 2, and 
0*5 cm. Each value in the table is the mean of several determinations made 
on different days, and each determination is the mean of at least eight 
electrometer readings. A fair agreement between the different determinations 
was usually obtained. 

The values obtained must depend to some extent on the thickness of the 
radiator used, since the nature of the 7-rays emitted by a radiator must 
depend to a certain extent on its thickness. They must also be somewhat 
influenced by the shape and the size of the chamber. The values obtained 
therefore apply more particularly to the conditions realised in these experi- 
ments. This should not, however, violate the general conclusions that can 
be drawn from the results, as will appear when these are discussed. 

The ionisations obtained with the primary 7-rays, the /3-rays of uranium, 
and the a-particle from radium for a number of gases are also placed in the 
table for comparison. They have been taken from a previous paper by the 
Writer.* The values for the a-particle, with the exce^Dtion of IsTHs and SO2, 
are due to Prof. Bragg,f whose results were incorporated in the paper. 

Table II contains the results obtained with soft and hard primary X-rays 
by McClung,:|: Strutt,§ Eve,i| and Crowther.lF The most recent results are 
those by Crowther. The " hard rays " used by him were obtained with the 
X-ray bulb as hard as it was possible to work with, using a Eudge induction 
coil worked by a turbine mercury interrupter, while the " soft rays '' were 
the softest rays that would produce an appreciable amount of ionisation. 
Crowther confined his beam to the middle of the ionisation chamber so that 

* ' Eoy. Soc. Proc.,' A, vol. 79, 1907. 
t ' Roy. Soc. South Australia Trans.,' October, 1906. 
X 'Phil. Mag.,' [6], vol. 8, p. 357, 1904. 
§ ' Koy. Soc. Proc.,' vol. 72, p. 209, 1903. 
II 'Phil. Mag.,' [6], vol. 8, p. 610, 1904. 
1 *Carnb. Phil. Soc. Proc.,' vol. 15, Part I, p. 38, 1908. 
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it touched the walls only where it entered and left the chamber, thereby 
introducing a minimum of secondary radiation from the walls. The con- 
siderable differences between his results and those of the other observers for 
the same gases cannot be accounted for by differences in the penetrating 
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power of the X-rays used. They are very probably due to the fact that 
these observers allowed the X-rays to fall on the walls of the iouisation 
chamber. The chamber "was in that case crossed and recrossed by the 
radiation successively reflected between opposite walls, becoming softer and 
softer during the process, so that the nature of the rays as a whole which 
produced the ionisation was very different from the rays given out by the 
X-ray bulb. The general trend of the values is, however, the same. 

Deductions from the Results. 

The ionisation values for the primary and secondary 7-rays can be divided 
into three sets, which are separated from one another in Table I by 
horizontal lines. The first set consists of gases whose molecules are 
composed of atoms of H, C, N, 0, S, CI. It will be seen that the ionisation 
values of these gases are practically the same for the primary and secondary 
rays in the case of each of the radiators used. In bhe case of gases 
containing atoms of higher atomic weight than chlorine, however, there are 
considerable differences with primary and secondary rays, which depend on 
the nature of the radiator. Thus the ionisation in the first set of gases, and 
probably in all gases except H2 composed of atoms of low atomic weight, is 
practically independent of the penetrating power of the 7-rays. 

An inspection of the results obtained by Crowther with hard and soft 
X-rays shows that the ionisation in these gases with X-rays depends 
comparatively little on the softness and hardness of the rays. But on the 
whole his values are from 6 to 12 times larger than those which the writer 
obtained with 7-rays. 

A comparison of the ionisation values of the gases of the first set obtained 
with the a- and /3-rays, and the primary and secondary 7-rays, shows that 
they are approximately the same for each kind of rays. The process of 
ionisation in these gases thus appears to be the same for each ionising agent. 

The second set in the table consists of gases whose molecules contain 
at least one atom which is of greater mass than the chlorine atom. It will 
be seen that the ionisation is greater in these gases with the secondary rays 
than with the prmiary. Thus the ionisation in C2H5I with a carbon 
radiator is nearly three times that obtained with the primary rays. The 
difference in ionisation increases with the atomic weight of the heavv atom 
in the gas, and is greatest with the carbon radiator and smallest with the 
lead radiator. 

In the case of X-rays, the ionisation in the gases of this set also increases 
with the softness of the rays, except in the case of ethyl bromide. The 
ionisation in ethyl bromide has been shown by Crowther to decrease very 
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considerably with the softness of the rays. This property of ethyl bromide 
is very remarkable, and some interesting deductions can be made from this 
result and that obtained by the writer with 7-rays. 

Thus if the 7- and X-rays are the same in nature there should be no 
•discontinuity between them, but rays of all conceivable penetrating powers 
should exist, including the hardest 7-rays and the softest X-rays. The curve 
connecting ionisation and penetrating power of rays for ethyl bromide would 
therefore very probably be of the form shown in fig. 7. The regions of the 




Fig. 7. 



curve suggested by the experiments of Crowther and the writer are marked 
off in the figure. The curve suggests that it might be possible by increasing 
the hardness of the X-rays from a bulb to reach a point at which a further 
increase in the hardness of the rays would produce a decrease instead of an 
increase in the ionisation. Or, by successively reflecting 7-rays from 
a number of radiators one might obtain rays of such softness that the 
ionisation produced would decrease instead of increase with the softness of 

the rays. 

When the ionisations obtained with the a-, jS-, and 7-rays for the gases of 
the second set are compared with one another, it will be seen that on the 
whole they vary considerably with the nature and quality of the ionising 
argent, and in this respect form a marked contrast to the ionisations in the 
gases of the first set. 

The third set in the table contains the gas H2. The ionisation in this gas 
was found to be smaller with secondary than with primary rays. The 
ionisation thus increases with the penetrating power of the rays. The 
decrease was greatest with the carbon radiator and smallest with the lead 
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radiator. With the heavy gases we have seen the increase of the ionisation 
is greatest with the carbon radiator and smallest with the lead radiator. 
Thus the cause which produces a decrease of the ionisation in H2 produces 
an increase in a heavy gas. The nature of this cause is probably related in 
some way to the penetrating power of the rays. But it is impossible to 
trace a definite connection between this effect and the penetrating power of 
the rays from carbon and lead as measured by the absorption produced by 
thin sheets of metal, because the relative penetrating powers obtained 
depend on the metal used in their determination. This point is further 
discussed under " Ionisation and Absorption of Eays." 

The behaviour of H2 with 7-rays is analogous to that with X-rays, as an 
inspection of Table II will show. This suggests that the curve connecting 
the ionisation in H2 and the penetrating power of the ionising agent,, 
assuming that the 7- and X-rays are of the same nature, is probably of the 
form shown in fig. 8. The regions whose form is suggested by the experi- 
ments with X-rays and 7-rays are, as before, marked off in the figure. It is 
not improbable, as already suggested in the case of ethyl-bromide, that it 
would be possible to obtain some experimental evidence, by using very hard 
X-rays or very soft 7-rays, of the connection between ionisation and 
penetrating power indicated by the middle portion of the curve. 




Fig. 8. 



The ionisation in the various gases, omitting II2 for the present, is- 
approximately an additive quantity. This is shown by Table III, which 
contains the ionisations by the secondary rays from a zinc radiator, and the 
quantities called " atomic ionisations " by means of which the values under 
" calculated ionisations " in the table were calculated. The experimental 
and calculated results obtained previously by the writer with the primary 
7-rays are also placed in the table. The valu.es of the atomic ionisations 
have been so selected that there is roughly the same percentage error 
between each calculated and experimental value. 

VOL. LXXXII. — A. 2 c 
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Table III. 



Atomic ionisations. 
Primary 7-rays. 


Name of 
gas. 


Experi- 
mental 
ionisation. 
Primary 
7-rays. 


Calculated 

ionisation. 

Primary 

7-rays. 


Experi- 
mental 
ionisation. 
Secondary 
y-rays from 
zinc. 


Calculated 

ionisation. 

Secondary 

7.rays from 

zinc. 


TT 




0-18 
0-46 
0-45 
0-68 
1-60 
1-44 
1-82 
2-81 
4-50 


Air 


1-00 

1'16 
1'65 
1-68 
0-898 

4-29 
4-53 
2-17 

3 '66 

2-27 

3-19 
4-93 
6-33 
5-98 
3-81 
4-63 
6-37 
6-47 


1-16 
1-48 
1-62 
0-99 

4-22 
4-46 

2-22 

3-66 
2-76 

3-26 
4-96 
6-22 
6-98 
3-81 
4-63 
5-60 
6-32 


1-11 

1-34 

1-53 

0-914 

1-20 

4-29 

4-36 

2-16 

3-40 
2-17 

3-39 

5-20 

6-35 

6-60 

6-15 

6-05 
12-07 
12-46 

J 
1 


1-14 
1-39 
1-58 
0-95 
1-24 
4-13 
4-36 
2-17 

3-40 
2-62 

3-28 
6 -12 
6-44 
6-60 
5-69 
6-49 
11-86 
12-66 


O9 


I^ 



s 


^-^2 

ISToO 


CO9 


NH. 


CI 

m 

Br 

I 


J.1 O-J-^^ 


C4H10O 

^551112 

C2H4O 

CS2 




Atomic ionisation. 
Secondary 7-rays. 


SO2 


C2H5CI 

CTT013 

CCI4 


H 

C 


0-18 
0-44 
0-41 
0-57 
1-48 
1-50 
2-56 
4-71 
10-88 


N 



s 


isri(oo)4 ... 

CH^Br 

C^HsBr 

CE^l 

C2H5I 


01 

m 

Er 

I 





In obtaining the values of the atomic ionisations the gas SO2 was not 
considered, because, if included, a value for the atomic ionisation of S is 
obtained which makes the calculated values of SO2 and CS2 differ by a much 
greater percentage from the experimental values than is the case with any 
of the other gases. SO2 and CS2 thus evidently do not fit in very well with 
the other gases with respect to the additive law. It is remarkable that the 
ionisation values obtained with the primary 7-rays, and the ot- and /3-rays, 
show similar deviations. The calculated value for SO2, if we take the 
atomic ionisation for S obtained from CS2, is in each case greater than the 
experimental (see Table V). 

The agreement between calculation and experiment for the remaining 
/gases in Table III is not quite so good with the secondary rays as with the 
primary. This is probably in some measure due to the errors of experiment 
; being greater in the former case. The departure of C2H5Br, however — its 
• ionisation is smaller than that of CHsBr, although it contains an additional 
tO and two H atoms — seems to be real. 

The atomic ionisations for the primary and secondary rays are plotted 
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against the atomic weight in fig. 9. The curves are separated somewhat in 
the direction of the ordinate in order to prevent overlapping near the origin. 
It will be seen that the upward slope of the curve for the secondary 
rays increases with increase of atomic weight. The curve for the primary 
rays, on the other hand, does not show any increase in slope. The 
sensitiveness of an atom to the penetrating power of 7-rays thus increases 
with the atomic weight. 
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The atomic ionisations for the primary 7-rays and the a- and yS-rays 
taken from the paper by the writer already quoted, and for the secondary 
^-rays, are given in Table IV. It will be seen that the atomic ionisations 
for the atoms H, 0, N", 0, S, 01, are approximately the same with each of the 
ionising agents, as we would expect from an inspection of the ionisation 
values of the gases in the first set of Table I. 

In Table V are given the experimental and calculated ionisations in Hg 
and SO2, for the a- and ^-, and the primary and secondary 7-rays. It will be 
seen that in each case thS calculated values are larger than the experimental, 
especially in the case of Hg. The ionisation in Ha does not fit in even 
approximately with the other gases in respect to the additive law. 

The writer has shown that in the case of the a-particle if both the 

J!i \j ^ 
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Table IV. — Atomic lonisations. 



Name of atom. 


Primary 7-rays. 


Secondary 7-rays 
from zinc. 


)3-rays from 
uranium. 


a-particles from 
radium. 


H V 


0-18 
0-46 
0-45 
0-58 
1-60 
1-44 


0-18 
0-44 
0-41 
0-57 
1-48 
1-50 


0-18 

0-46 

0-475 

0-58 

1-60 

1-44 


0-175 

0-51 

0-47 

0-55 

1-24 

1-16 





N 





s 


CI 




M 


1-82 
2-81 
4-50 


2-56 

4-71 

10-88 


2-67 
4-10 


1-72 
2-26 


Br 


I 





Table V. 



Name of gas. 



Experimental ionisations. 



Primary 
7-rays. 



Secondary 

7-rays from 

zinc. 



^-rays from 
uranium. 



a-particles 
from radium. 



SOo 



0-160 

2-27 



-0882 
2-17 



0-165 
2 -25 



0-24 
2-01 



H2 

SO2 



lonisations calculated by means of the atomic ionisations 

i given in Table IV. 



0-36 
2-76 



0-36 
2-62 



0-36 
2-76 



0-35 
2-34 



stopping powers and ionisations for a number of gases follow an additive 
law, the energy required to make an ion from an atom is independent of the 
nature of its chemical combination in these gases.* Farther, if there is in 
addition a gas whose ionisation does not fit in with the other gases according 
to the additive law, but whose stopping power is normal, the energy- 
expended per ion made from one of its atoms is not the same as that 
expended when the atom occurs in one of the other gases. It is greater or 
less than that in the latter case, accordingly as the ionisation of the gas by 
the additive law is greater or less than the experimental. It was thus 
shown that the energy spent by the a-particle on an ion made from an atom 

* ' Roy. Soc. Proc./ A, vol. 79, 1907. 



1909.] Various Gases by Secondary y-Rays. 375 

of H in the gas H2 is greater than when the atom occurs as a constituent in 
any of the other gases. It is very probable that this is also true for the 
other ionising agents besides the a-particle. The decrease of the ionisation 
in H2 with increase in softness of the 7- and X-rays may then be due to an 
increase in the expenditure of energy in the production of an ion. 

On the whole it is evident that the chemical bond which holds two atoms 
of hydrogen together differs in nature from that which holds it in com- 
bination with the atoms in some other gases. If an atom consists of an 
assemblage of electrons, we would expect that some of the electrons would 
be under a constraint when the atom is combined with other atoms, and that 
this constraint might be the same for some combinations while different for 
others. The electrons under constraint would probably be more difficult to 
pull out of an atom than the other electrons, and the departures from the 
additive law accounted for by departures in the nature of the constraint. 
The departure of H2 from the additive law, and the increase of this departure 
with the increase in the softness of the ionising rays, adds another anomaly 
to the list for which the gas is already famous. It is probable that these 
anomalies are due to the same cause, which is probably a departure in the 
arrangement of the forces of constraint holding the two atoms of the 
molecule together from the arrangement in the case when hydrogen is 
combined with other atoms. If that is so, the forces outside a H2 molecule 
should differ considerably from those outside any other molecule, and the 
scattering of moving electrons by II2 should therefore be anomalous. ISTow 
this has been found to be the case.* The scattering of electrons by the 
gases air, argon, and carbonic acid is about what we should expect if we 
suppose that the charge on the electron does not influence its mean free 
path ; the absorption by hydrogen is, however, considerably greater than the 
value got on this supposition, showing that the hydrogen molecule is 
surrounded by a field of force which is practically absent in the case of the 
molecules of the other gases. 

Dependence of Ionisation on the Direction of Pro'pagation of the Secondary Bays 

vjith respect to that of the Primary. 

The experiments described were made with secondary rays propagated 
more or less in the opposite direction to the primary rays. Some experi- 
ments were also made with the secondary rays propagated in the same 
direction as the primary. The arrangement used is shown diagrammatically 
in fig. 10. A denotes the ionisation chamber, B the radiator, and G the 

"5^ See Prof. J. J. Thomson's * Conduction of Electricity through Gases,' 2nd edition, 
p. 382. 
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radium. Eeadings were taken with and without the radiator in the same way 
as before. 

It was found that the ionisation in CHgT, with a zinc radiator, was 8*42 
instead of 12*07, as was obtained with the previous arrangement. The nature 

of the secondary radiation from a plate thus 
depends on its direction of propagation with 
respect to that of the primary rays. 

Since the ionisation with the primary rays is 
less than with the secondary, which are more 
absorbable, we infer that the secondary rays, 
which are propagated in the same direction as 
the primary, are of a more penetrating character 
than those which are propagated in the opposite 
direction. 

This result falls into line with some experi- 
ments by Madsen,* who showed that the secondary 
7~rays which proceed from the side of a radiating 
plate where the 7-rays emerge are of a more 
penetrating character than those from the side 
where the fy-rays enter. Madsen measured the 
penetrating power of the rays by observing the absorption produced by 
sheets of metal of different thicknesses placed in their path. The reason for 
the difference in the penetrating power of the rays is that the secondary 
7-rays are initially propagated in the same direction as the primary, but 
during their further course are scattered to a certain extent by the material, 
and softened in the process. The returned secondary rays have undergone 
the maximum amount of scattering, and are therefore softer than those 
which are propagated approximately in the same, direction as the primary. 




Fig. 10. 



Connection between lonisation and Absorption, 

The amount of ionisation produced by the electrons ejected from the 
molecules of a gas with sufficient velocity to produce ions by collision is very 
small, as we have seen at the beginning of this paper. The ionisation in a 
gas measured in a chamber whose walls radiate no secondary rays is therefore 
proportional to that fraction of the energy of the 7-rays absorbed which is 
converted into energy of electrons of slow velocity, or S-rays. 

The amount of energy absorbed of a beam of 7-rays by a sheet of metal 
placed in its path is a measure of the energy absorbed in the production of 
cathode rays of high speed as well as slow-moving ones. And since the 

^ * Boy. Soc. South Australia Trans.,' vol. 32, July, 1908. 
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energy represented by an electron of high speed ejected by 7-rays may be 
several thousand times that represented by a slow-moving electron, or S-ray, 
the proportion of energy absorbed which is converted into kinetic energy of 
electrons of high speed may be quite large. 

It appears, therefore, that we cannot compare the ionisations in gases with 
the absorption of solid materials unless we know how the absorbed energy is 
distributed between the electrons of high and slow speed. The results on 
the ionisations in gases by secondary 7-rays described in this paper, and 
those on the absorption of secondary rays by different materials obtained by 
the writer,* cannot therefore be compared with one another. Some idea of 
the distribution of the absorbed energy between the electrons of high and 
slow speed might be obtained by comparing the ionisation in the vapour of a 
liquid by a given source of rays, and the absorption of energy by the liquid 
for equal masses. 

It is a pleasure to me, in conclusion, to acknowledge the keen interest and 
helpful encouragement of Prof. Sir J. J. Thomson during this research. 

* ' Phil. Mag.,' p. 618, November, 1907. 



